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Abstract 
Contributing to lightweight design in the field of metal forming, four different strategies are introduced – the material, 
component, functional, and conditional lightweight strategy. Their main objective is the reduction of a component’s weight and 
the saving of our available resources. Regarding each approach, innovative forming technologies are presented and their 
contribution to lightweight success is depicted. On the one hand, this article covers conventional processes like e.g. extrusion, 
which are used for processing hybrid lightweight materials. On the other hand, new forming technologies are introduced to 
serve lightweight requirements like e.g. load adaption. Finally, the importance of numerical damage modeling regarding 
lightweight design is shown. 
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1. Introduction 
Due to the climate change and the scarcity of resources as well as the globalization progress and market forces, 
it is the aim to manufacture products in a shorter time, at lower costs, and with well-defined properties by saving 
resources of energy and material. Lightweight strategies are able to contribute to environmentally friendly products 
with low energy consumption in all fields of daily life application: in use of robotics in home or industrial 
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application, in power plants (e.g. wind mills) and in architecture as well as in the transportation sector. Especially 
in the last mentioned field, one of the major aims of the manufacturers is to consequently decrease the weight of 
their products like cars, planes, and trains. Lighter vehicles lead to a reduction of fuel consumption associated with 
a reduction of CO2.  
According to Kleiner [1] and Steinhilper [2], four main lightweight strategies (Fig. 1) can be classified, which 
are all pursued at the Institute of Forming Technology and Lightweight Construction (IUL) and are described next: 
x Material lightweight design: replacement of the primary material by another material with better weight 
specific characteristics, e.g. using high strength steel, light metals like magnesium or aluminum and composites. 
x Component lightweight design: adaption of material distribution in the part: zones with a higher load will be 
reinforced while areas with a small load will be thickened. 
x Functional lightweight design: here not the single part is regarded, but the whole system. By integration of 
functions, a single component can become heavier, but the saving of the integration of functions makes the 
whole system lighter. 
x Conditional lightweight design: analysis of the occurring operation service conditions and a prediction of 
product properties using FE damage modeling leading to a reduction of safety reserves and lower weight of the 
part. 
 
A targeted combination of the single lightweight 
strategies and a holistic view allows to gain the 
highest impact in lightweight solutions.  
In order to fulfill the initially mentioned 
requirements, new and innovative methods have 
been developed at the IUL, which allow to 
exploit the given properties of materials and to 
extend the possibilities of machines to process 
and produce lightweight metal components. 
2. Material lightweight 
2.1. Hybrid components 
The first step in the production of lightweight components is the choice of a suitable material. In the material 
based approach for the manufacturing of lightweight components, the use of light metals reduces the weight of the 
component, assuming the same workpiece geometry. Due to the low density of e.g. aluminum, its lightweight 
potential can be considered as high. However, aluminum has only a third of the strength and elastic modulus of 
steel. As the use of light metals must not decrease product properties, the use of material combinations offers 
advantages in terms of lightweight design due to the utilization of the particular properties. In the field of hot 
extrusion, two innovative extrusion processes for the manufacturing of multi-material parts are investigated at the 
IUL (Fig. 2):  
Fig. 2. a) Composite extrusion of continuously reinforced profiles, b) Composite extrusion of discontinuously reinforced profiles [6]. 
Fig. 1. Lightweight strategies. 
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the composite extrusion of continuously steel wire reinforced profiles (Fig. 2a) and the co-extrusion of 
discontinuously steel reinforced aluminum profiles (Fig. 2b) aiming at an increase of the specific strength and 
stiffness of the extrudate. 
 
Composite extrusion of continuously steel wire reinforced profiles  
This process allows combining conventional aluminum billets with high strength materials by means of special 
porthole extrusion dies. In the welding chamber of the die, both materials bond to a composite profile. The 
reinforcing elements are fed as 
steel wires from the side and are 
redirected by 90° in press direction 
by bridges inside the die (Fig. 2a). 
To gain an essential advantage 
from this technology for 
lightweight applications, a high 
reinforcing volume of aluminum 
profiles is targeted (Fig. 3). 
However, with increasing 
reinforcement volume, the ram 
force increases since the extrusion 
ratio increases due to the not 
deformable reinforcing element, 
which will reduce the cross-
section of the extruded profile. 
Pietzka investigated a process 
window for the manufacturing of reinforced profiles [3]. A profile with eleven elements has a reinforcing volume 
of 13.5 % and the profile thickness above the elements is 0.75 mm. A supposed limited extrusion ratio of 1:70 
results in a maximum reinforcement volume of around 18 % for the specific direct 10 MN extrusion press, that was 
used in the experiments. In the trials a specific thickness of 0.45 mm could be reached so that the force could be 
considered as the limiting factor. With respect to the specification of the extrusion press, a theoretical 
reinforcement ratio of 20 to 25% could be achieved.  
The effect of the reinforced profiles on the stiffness and strength were investigated by Kloppenburg [4] and 
Pietzka [3]. With rising reinforcing volume, the bending stiffness increases more proportionally than the weight of 
the composite profile due to the embedded steel wires (Fig. 4a). The specific strength, investigated on profiles with 
a reinforcing ratio of 15 % (for a local necking of the tensile specimens, they were milled in the middle so that the 
initial reinforcing volume of 13.5 % increases to 15%), increased by 50 % (Fig. 4b). 
Fig. 4. a) Influence of the reinforcing elements on a) the bending stiffness [4] and b) the specific strength [3]. 
Aiming at a further increase of the specific strength and stiffness of the part, also other materials than steel can be 
embedded. The IUL investigates e.g. also the embedding of carbon fiber and ceramics into an aluminium matrix.  
Fig. 3. Reinforced profiles. 
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Co-extrusion of discontinuously steel reinforced aluminum profiles 
This process allows combining conventional aluminum billets with high strength materials by means of 
conventional extrusion dies. It offers the possibility of embedding discontinuous reinforcements in the extrudate to 
obtain tailored profiles or products (Fig. 5a). Aluminum billets are drilled in order to create a hole for inserting the 
high strength material for the extrusion process. A main challenge in this process is to calculate the position of the 
reinforcement elements inside the extrudate as a function of the process parameters and material flows [5]. Foydl et 
al. developed a process window for the manufacturing of discontinuously reinforced profiles considering the 
feasible dimensions of the reinforcing elements in relation to the diameter of the profile to achieve a good 
embedding quality of the steel element in the aluminum matrix [6]. The extruded profiles are mostly manufactured 
as semi-finished parts for further manufacturing operations like forging (Fig. 5b). 
Fig. 5. a) Extrusion of reinforced part, b) Forging of the extruded reinforced profile [5]. 
2.2. High strength steel components 
Regarding material lightweight design, an alternative to hybrid components is the use of high strength steels. 
The main advantage of these steels is the high strength-to-weight ratio, which is useful for structural parts in 
automotive applications. As the wall thicknesses of the structural parts can be configured thinner, the total weight 
of the part decreases and, in this way, the fuel efficiency is increased. As high strength steels have a comparably 
higher yield stress, forming operations require higher forming forces. Furthermore, the amount of springback is 
larger due to the high yield stress. In order to cope with these processing issues, existing processes require 
improvements or new forming procedures have to be developed. 
Incremental tube forming 
In the manufacture of tubular structures the incremental tube forming process allows the bending of tubes out 
of high strength steels with reduced bending forces and decreased springback. This new process is a combination 
of a tube spinning as well as a tube bending process to manufacture bent tubes. The tube is transported through a 
spinning device, which rotates around the tube and reduces the diameter of the tube. This spinning process is 
superposed by a bending operation, which deflects the tube. Due to the superposition of compressive (spinning) 
and bending stresses (bending), the springback and process forces are reduced. The process principle (see Fig. 6a) 
has been implemented on a machine setup which can handle tubes of diameters up to 90 mm.  
 
Fig. 6. Incremental tube forming, a) Process principle, b) Workpiece samples [7]. 
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Respective workpiece samples are shown in Fig. 6b. Besides the processing of tubes out of high strength steels, 
the incremental tube forming also contributes to the field of component lightweight design (see section 3). Due to 
the described process principle, the manufacturing of tubes with varied diameters along the longitudinal axis is 
fabricable. 
2.3. Thermally graded parts 
Hot extrusion and quenching 
The conventional extrusion process is used to produce straight, semi-finished products in mass production with 
homogeneous mechanical properties over the cross section and the length. But, in general, the loading conditions 
of construction elements differ regionally. To fulfill this demand of a load-adapted geometry, a cooling device was 
developed that influences the strength of the material by locally different thermal treatment (Fig. 7a), [8]).  
 
Fig. 7. a) Hot extrusion press with cooling device, b) Strength of the material by locally different thermal treatment [8]. 
 
As billet material the aluminum alloy EN AW-6082 was used, which can be hardened by precipitating the Mg2Si-
phase. Different solution conditions of Mg and Si in the alloy over the profile’s volume, especially along its length, 




The 3D profile bending process TSS bending (Torque Superposed Spatial bending) was originally designed as a 
cold bending process for the kinematic bending of complex profile contours. To manufacture a 3D bent load-
optimized profile in one process step, the TSS bending process was combined with an induction heating process, 
which continuously heats the forming zone of the material during the bending process (Fig. 8a) [9]. By a flexible 
air cooling device, different cooling strategies can be followed. Furthermore, the temperature of the material can be 
controlled by a power adaption of the induction generator and by using varying feed speeds. 
 
Fig. 8. a) Induction bending of profiles [9], b) Strength increase due to induction quenching [10]. 
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Due to the microstructural transformation from an austenitic (heated state) to a martensitic (quenched state) 
structure, the material parameters, e.g. tensile strength, can be increased and finally adjusted according to the 
occurring load in service (see Fig. 8b) [10]. Additionally, the springback is reduced to a minimum, so that, even 
when not considering the material parameters in the process setup, only small contour errors result. When bending 
the air hardening steel MW700L from Salzgitter Mannesmann Precision at a temperature of 900 °C to a loaded 
radius of 300 mm, the deviation of the actual radius after springback from the geometric, loaded radius is only 3%. 
With the described process combination, complex profile parts can be specifically adapted to the product 
application in a single process step. For instance, crash elements of automotive body structures can be designed 
with areas of lower and higher tensile strength to achieve less or more energy absorption. 
 
Press hardening of sheet metal and tubes 
The idea of thermal gradation of profiles is transferable to sheet metal forming processes. A blank (e.g. 22MnB5) 
is heated up to austenitizing temperature in a furnace, transferred to the press and subsequently formed and 
quenched in the closed tool at a cooling rate of more than 27 K/s until the entire martensite transformation of the 
part structure is completed.  
 
Fig. 9. Press hardening, a) B-pillar with tailored properties [11], b) Process principle of press hardening of closed profiles. 
 
A full martensite transformation in the material leads to an increase of the tensile strength of up to 1,500 MPa and 
a low elongation of about 5 %. Due to the effect of the cooling rate and the phase transformation, the final 
mechanical properties are dependent on the process control. The reduction of the cooling rate below the specific 
27 K/s leads to an incomplete austenitization and, so, a fully martensitic microstructure is avoided, which leads to a 
lower strength and therefore a higher ductility [11]. Finally, the local variation of the process control allows the 
manufacturing of metal components with load-adapted mechanical properties at constant sheet thicknesses. A B-
pillar represents a typical application for press hardened sheet metal components with load-adapted material 
properties (see Fig. 9a). For the required crash behavior, the upper section has an excellent intrusion resistance and 
the lower section is characterized by a high energy absorption capacity. In addition to press hardening of sheet 
metal, the described thermal treatment can be transferred to closed profiles. Press hardening of closed profiles at 
elevated temperatures combines the advantages of press hardening of sheet metal components and tube 
hydroforming, and promises to produce lightweight materials with a high strength and high stiffness. The approach 
follows the general concepts of press hardening i.e. heating 22MnB5 tubes to austenitizing temperature, 
transferring them to the press, filling in the forming medium, e.g. a granulate, in the hot state, and finally forming 
and quenching in the closed die set. The process principle and a corresponding part are shown in Fig. 9b. 
3. Component lightweight design 
To achieve a lightweight design with metal components, the application of lightweight structures is essential. 
The basic principle of component lightweight design is based on deploying material only in regions where 
necessary. For this purpose, highly loaded part regions are strengthened by additional material, whereas material is 
removed in regions where little loads occur. Accordingly, the change of the part geometry leads to a weight 
reduction, assuming an invariant material usage. This correlation between load adaption and weight reduction is 
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used, e.g., in the automotive industry. Especially, the structural parts in car bodies offer a high potential for weight 
reduction. In order to apply structural lightweight design to those parts, it is necessary to adapt or extend the 
existing (conventional) manufacturing procedures by new technologies. For this reason, research work focuses on 
the development of new technologies for manufacturing of lightweight structures. Accordingly, innovative 
technologies for load-adapted profile production are presented in the following. 
 
Incremental profile forming 
In the frame of the component lightweight design, the Incremental Profile Forming (IPF) facilitates the 
fabrication of profiles with varying cross section geometries along the longitudinal axis of the profile. Due to the 
variation possibilities, the manufacturing of load-adapted parts is feasible and, so, component lightweight design is 
achieved. The IPF process principle is shown in Fig. 10a. 
Fig. 10. Incremental Profile Forming, a) Process principle, b) Workpiece samples [12]. 
 
In the IPF process the forming operation is done by several forming styluses arranged in a circle around the profile 
axis. The styluses penetrate separately from each other into the profile and, due to the axial feed of the profile, the 
forming operation takes place. Furthermore, a rotation of the tool set can be superposed to the forming operation. 
In order to utilize the whole potential of the IPF process, a machine prototype was developed and first 
experimental investigations took place [12]. An overview of the manufactured profiles is given in Fig. 10b. 
Depending on the chosen tool set and process kinematics, different structures were produced, which show the 
potential of the fabricable lightweight parts. As described previously, the continuous variation of the cross section 
allows the adaption of the profile to the required load by adjusting the local second moment of area of the profile. 
In the field of bulk metal forming and, here, in extrusion, the IUL investigates three processes in which profile 
geometries are graded for load-adapted applications. These processes are described in the following. 
 
Extrusion of profiles with variable cross-sections 
The extrusion of profiles with variable cross-sections aims at the modification of the cross-sections of extruded 
profiles over their length by a hot extrusion process. The variation of the wall thickness is achieved by a wedge, 
which is used for the modification of the position of the die bearings (Fig. 11). Through the change of the wall 
thicknesses over the longitudinal axis, a load-adapted geometry with a reduced weight of the extrudate can be 
achieved. A further advantage is that the contour is generated in the die, where the material is in a plastic state, so 
that the forming process is over when the profile exits the die. By this, profiles can be manufactured which still 
have the full forming ability and no limitation due to strain hardening. Selvaggio et al. could produce hollow 
profiles with rectangular cross-sections (30 x 30 x 4 mm) with a variation of the cross-sections of approx. 0.72 mm 
on a profile length of less than 400 mm (Fig. 11c) [13]. 
 
Fig. 11. Extrusion of profiles with variable cross-sections, a) Process principle, b) Die design, c) Results of preliminary tests [13]. 
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Hot extrusion and electromagnetic forming  
In order to locally adapt the profile geometry to the locally specific demands, a strategy for the mechanical 
processing of aluminum subsequent to hot extrusion was developed. To integrate electromagnetic forming in the 
extrusion processes, a tool coil for 
compression was positioned 
behind the die exit and coaxial to 
the extrudate in order to reduce 
the workpiece cross-section 
locally (Fig. 12). A counter die in 
the shape of a mandrel was 
mounted to the mandrel of a 
porthole extrusion die, which 
extended into the tool coil [14]. 
Besides achieving a more defined 
geometry in comparison to a free 
forming operation, this process 
can also increase the geometrical complexity of locally compressed areas [15]. Experimental trials were performed 
using a 250t direct extrusion press (Collin PLA250t) and a pulse power generator (Maxwell-Magneform series 
7000). Solenoid coils fabricated from copper embedded in a fiber reinforced resin were used as tool coils (Poynting 
GmbH). Using an EN AW-6082 aluminum alloy, a porthole extrusion die and a squared field shaper, a squared 
hollow profile (30x30x1.8 mm) was extruded at an exit speed of 16 mm/s while an electromagnetic compression 
was being applied periodically in intervals of approximately 10 s. Fig. 13a) shows a locally geometrically graded 
profile manufactured by the introduced process chain i. e. processing of a round tube in combination with a 
squared mandrel. The distance between the local bulges is determined by the profile’s exit speed and the 
discharging frequency. Details about the geometric accuracy, the process limits, and defects are given in [16]. A 
possible application might be a “crashbox” with an adapted force-displacement characteristic as a crash absorbing 
element in a car bumper system Fig. 13 a), e.g. designed as a telescoping tube or inversion tube. The upsetting 
length for the telescoping tube is +30 % leading to a lower impact load. Numerical simulations with LS-DYNA 
were used for predicting the upsetting behavior of profiles and amount and trend of the energy absorption for 
different initial conditions (Fig. 13b and c). 
Fig. 13. Hot extrusion and electromagnetic forming, a) Tubular product and application “crashbox”, b) FEM simulation. 
4. Functional lightweight design 
In the functional lightweight design, one main objective consists in the integration of functions. In order to achieve 
a weight reduction, it is not absolutely necessary to save weight of a single part. In fact, it is the system as a whole, 
including that single part, which shall be modified to contribute to the weight reduction. The manufacturing of, e.g., 
profiles by extrusion bears the potential of integration of functions. Similar to the previously described composite 
extrusion process, the embedding of functional elements, like electrical conductors or data cables, which can 
transmit signals or data through the profile, can be achieved (Fig. 14a). 
Fig. 12. Process principle of hot extrusion combined with in-line electromagnetic compression [14]. 
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Fig. 14. a) Extrusion of functional elements, b) Cross-section of co-extruded and forged composite rod and composite steering tie rod [17]. 
Another approach is the composite rod extrusion for the manufacturing of profiles which are made of alloys 
with different properties. The co-extruded aluminum bars are composed of a corrosion resistant aluminum alloy in 
the sleeve (e.g. 6XXX-alloy) and high strength aluminum in the core (e.g. 7XXX alloy). The profiles are used as 
semi-finished parts for a forging operation leading to a product with hybrid mechanical properties (Fig. 14b) [17]. 
5. Further research topics and outlook 
In regard to lightweight design, the importance of predicting and controlling product properties is increasing. 
As the conventional design process is mostly characterized by oversizing due to the fact that design engineers 
focus on nominal properties, the future perspective is about predicting and controlling the mechanical properties. 
Microstructural models can be used for predicting material phases, textures, or the damage behavior of the material 
(Fig. 15). 
Fig. 15. Damage modeling in forming processes [18, 19]. 
With respect to the ductile damage behavior of materials, the damage evolution up to macro-cracks is to be 
controlled. Even though the final product does not include any visible macro-crack, the damage evolution in the 
workpiece may limit the further service life of the product under loading conditions. In this sense, modeling 
damage evolution in the workpiece gives a chance to observe the material inhomogeneity such as influential 
material deterioration due to intensive micro-cracks and voids content during the design procedure. 
In times of shortage of resources, also the demand for alternative materials or material combinations arises. In 
this context the importance of fiber reinforced polymers (carbon, glass or aramid fiber) increases. Due to the lack 
of knowledge regarding formability and forming behavior, research is focusing more and more on this topic. 
Additionally, sustainable materials like vulcanized fiber can contribute to material lightweight design. With an 
average tensile strength of 90 MPa at a density of 1.2 g/cm³, its specific strength is about 90% of the specific 
strength of steel (S355JR), which makes vulcanized fiber a useful alternative in certain fields of application. 
While lightweight materials like aluminum and carbon fibers are being used in some single applications, a material 
to be processed in for mass production has not yet been explored. Here, magnesium with a density of 1.74 kg/dm3 
(approximately 35% > lighter than aluminum) offers a great potential for saving weight. However, there are some 
challenges in processing. Due to the closed packed, hexagonal (cph) crystal lattice structure at room temperature, 
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magnesium provides only a low ductility for cold forming operations. At higher temperatures (above 225 °C), on 
the one hand, additional sliding planes are activated increasing the ductility and lowering the yield stress for better 
forming. On the other hand, higher temperatures promote low melting eutectics, which might lead to thermal 
problems like hot cracks in extrusion. Also, a high corrodibility is a big disadvantage of this material. Due to these 
challenges, the usage of aluminum-free magnesium alloys becomes more and more of interest. Due to the absence 
of aluminum, the solidus temperature (Tsol) is considerably increased (AZ31 (MgAl3Zn1) Tsol~ 435 °C, ME21 
(MgMn2Ce1) Tsol~ 570 °C)) and the material is easier to process, especially at higher temperatures [20]. 
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